It is shown that the PM, PMR and PSP EOSs for most solids, and the SSK and SSKR EOSs for several solids, have physically incorrect turning points, and pressure becomes negative at high enough pressure. The GLIR EOS is capable not only of overcoming the problem existing in other five EOSs where the pressure becomes negative at high pressure, but also gives results superior to other EOSs.
Introduction
The equation of state (EOS) describes the relationships of a system among thermodynamic variables such as pressure, temperature and volume, which plays an important role in many fields, such as condensed-matter physics and geophysics. The Murnaghan [1] and Birch [2, 3] EOSs for solids are widely used in geophysics. Since Rose et al. [4] proposed in 1986 that there exists a universal EOS (UEOS) being valid for all types of solids through analyzing the energy band data, a lot of forms of UEOS have been put forward [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, some of them have been applied to the study of thermodynamic properties of liquids [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , while the traditional Tait EOS has also been used as universal equation both for solids [11, 12] and liquids [13] [14] [15] [16] [17] [18] [19] .
In 1994, Parsafar and Mason (PM) proposed the following EOS by using a series expansion of internal energy [11] 
Here, V 0 is the volume at zero pressure. C 0 , C 1 , C 2 are three coefficients in the PM EOS. In 1997, Shanker, Singh and Kushwah (SSK) proposed the following EOS [12, 13] 
where D 0 , D 1 , D 2 are three coefficients in the SSK EOS. It can be seen that the SSK EOS can be expressed as volume-analytic and pressure-analytic forms.
In 1994, Parsafar and Mason proposed the following linear isotherm regularity (LIR) EOS for gases and liquids based on the Lennard-Jones (LJ) potential [14] (Z − 1)
Here, Z is the compressibility factor, which is equal to PV /RT . The upper density limit of LIR [14] is less certain but seems to be the freezing line for liquids (T < T c ) and at least about twice the Boyle density for supercritical fluids. LIR EOS has been extended to mixtures [15] and to other forms [16] [17] [18] through adopting different potential functions, including the exponential-6 [16] , LJ (6-3) [17] , LJ (885-4) [18] , and LJ (12-6-3) [19] potentials. Recently, Parsafar, Spohr and Patey (PSP) [19] , extended the equation (3) to the following form with three parameters based on an effective near-neighbor pair interaction of an LJ (12-6-3) potential
The PSP EOS can be equivalently reformulated as truncated Virial form
Parsafar et al. [19] claimed that the PSP EOS (4) can be applied to all fluids and solids, and their application for solids [19] does not reveal any pressure or temperature limitations. However, we noticed that the PM EOS (1) and the PSP EOS (4), (5) are physically wrong at high pressure conditions for some solids. This is because the coefficients C 2 in equation (1) and A 2 in equation (4) should be positive for all solids to ensure a physically correct tendency at high pressure, P → ∞ as V → 0. However, the values of C 2 for most solids studied in this paper are negative; and the values of A 2 for solids NaCl and CaO studied by Parsafar et al. [19] , and for most solids studied in this paper are also negative. This leads to an unphysical tendency, P → −∞ as V → 0. In this work, we propose generalized LIR (GLIR) EOS based on a near-neighbor pair potential of the extended Lennard-Jones (m 1 ,n 1 ) type. The GLIR contains three parameters and can overcome the defect appearing in the PM EOS (1) and PSP EOS (4). In section 2, the three-parameter GLIR EOS is proposed. In section 3, equations (1) and (2) and their modified version, PSP EOS (4) and the GLIR EOS are applied to twenty solids within wide pressure ranges of hundreds GPa and at ambient temperature, the results being analyzed and discussed. In section 4, the conclusion is presented.
Analytic equations of state
We adopt the effective pair interaction of an extended Lennard-Jones (m 1 ,n 1 ) type potential [10, 17, 19, 20] ε(r ) = ε 0
It is well known that the effective potentials for metals usually have oscillating tails due to Friedel oscillations of electron density, and the Lennard-Jones (LJ) potentials are not really appropriate for correct reproduction of the energetics of metals. However, many works [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] have shown that the LJ potentials can mimic many properties of metals in some compression ranges. By adopting the nearest neighbor assumption [11], the total configurational energy of a solid is
where V = a 3 /γ, V 0 = (r e ) 3 /γ, a is the nearest neighbor distance, and δ is the mean coordination number [10, 19] . Following Parsafar and Mason [8] , the internal pressure can be obtained by the derivative of equation (6) 
Let us substitute the equation (7) into the following internal energy equation
After integration, we derive the equation
Here, A 1 and A 2 are functions of temperature. In order to obtain an extended LIR EOS, we would limit parameters m 1 and n 1 to satisfy the relationship, m 1 = 2 n 1 , and
Then, equation (7) changes to the following form
By using definition of compressibility, Z = PV /RT , equation (12) can be reformulated following the gen-
It can be seen that the LIR EOS in equation (3) can be included in the GLIR EOS (13) as a special case when m = 2. Since m = 1, equation (13) just reduces to the virial EOS. Although the parameter number of PSP EOS (4) is the same as the three-parameter GLIR EOS (13), equation (13) with adjustable parameter m is more flexible and more accurate than equation (4) . Otherwise, we found in our calculations that the PM [11] and SSK [12, 13] EOSs can be reformulated in the following forms:
We name this form as PMR and SSKR EOSs. Although the PMR EOS and SSKR EOSs are mathematically equivalent to the PM and SSK EOSs, they physically differ from each other. This is because all of equations (1), (2) and equations (15), (16) can be seen as Taylor expansion, but the expansion variable of equations (1), (2) is (V 0 /V ), and that of equations (15), (16) is (V /V 0 ). At zero pressure, both values of (V 0 /V ) and (V /V 0 ) are equal to 1. At high pressure, the values of (V /V 0 ) are smaller than 1, the Taylor expansions in equations (15), (16) are fast convergent. However, the values of (V 0 /V ) are larger than 1 at high pressure, the Taylor expansions in equations (1), (2) are slowly convergent. Thus, the PMR and SSKR EOSs in equations (15), (16) are more accurate than the original PM and SSK EOSs in equations (1), (2).
Results and discussion
Now we apply six EOSs to 28 metallic solids, including GLIR (13) In In tables 2 and 3, we list the fitted parameters for the six EOSs, table 2 shows that the values of m in the GLIR EOS (13) are smaller than 1 for 19 solids, and slightly larger than 1 for 10 solids. This implies that the interactions in the metals are far softer than the LJ (12-6) potential, and are approximately approaching the LJ (6-3) potential for the 10 solids, and even softer than the LJ (6-3) potential for other 20 solids. The Table 2 . Optimized values of coefficients for the GLIR, PM and PMR EOSs determined by fitting experimental compression data. The parameters for the GLIR EOS are dimensionless; and all parameters for PM and PMR EOSs are in GPa. However, the values of C 2 in the PM and PMR EOSs are negative for 18 and 25 solids, respectively. The values of D 2 in the SSKR EOS, A 2 in the PSP EOS are also negative for 2 and 18 solids, respectively.
For these solids, the corresponding EOSs may exhibit a physically incorrect tendency as the volume tends to infinity. To compare, the GLIR EOS (13) is not only the most precise one, but also is a unique EOS that does not exhibit a physically incorrect tendency among the six EOSs studied in this work. In figures 1, 2 and 3, we plot the experimental compression data and the curves calculated using the GLIR, PMR, SSKR and PSP for 10 solids, including Cu, Mo, Ag, Ti, Ta, Zr, Ni, Nb, Th and Be. These figures show that the calculated compression curves from the GLIR and SSKR EOSs are correct at high pressure for the 10 solids, although for Zr, the parameter D 2 in the SSKR EOS takes on a negative value. But the PMR EOS yields incorrect compression curves at high pressure for 7 of 10 solids, except for the solid Cu, Ag, and Ni. And the turn point is in the range V /V 0 ≈ (0.3 ÷ 0.5) for the 7 solids. Moreover, the PSP EOS also yields incorrect compression curves at high pressure for 9 of 10 solids, except for the solid Ag. And the turn point is about V /V 0 ≈ 0.3 for solids Cu and Ni; about V /V 0 ≈ 0.5 for other 7 solids.
In these figures, we also plot the variation of relative errors of pressure with compression ratio V /V 0 .
It can be seen from these figures that, for solids Cu and Ag, the oscillations of relative errors from the SSKR EOS are the most prominent, and are the same from other three EOSs; for solids Ti and Zr, the 
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oscillations of relative errors from the PSP EOS and PMR EOS are more evident than the SSKR and GLIR EOSs; and for other solids, the oscillations from all four EOSs are equivalent with each other. It is notable that the relative errors from the GLIR EOS are most stable and fairly small for all 10 solids and for all compression ratio ranges. These results show that the GLIR EOS can be seen as the best one among six EOSs studied in this work.
(a) (b) 
Conclusion
In conclusion, we develop a three-parameter GLIR based on the GLJ potential and the approach of Parsafar and Mason [14] in developing the LIR EOS. Comparing with other five EOSs popular in literature, the precision of the GLIR EOS developed in this paper is superior to other EOSs. The GLIR EOS is capable of overcoming the problem existing in other EOSs where the pressure becomes negative at high enough pressure conditions.
